The decomposition of a single CH 4 molecule on Ni-Cu/γ-Al 2 O 3 catalyst surface with varying Ni-Cu ratios for CNT production was determined through ab initio calculations with experimental verification. The structural model was based on empirical XRD characterization data from experimentally-prepared catalysts. Structural relaxation and ab initio molecular dynamics simulations were performed using Materials Studio 2016 DMol 3 with the Local Density Approximation -Vosko-Wilk-Nusair (LDA-VWN) exchange correlation functional, Gaussian double zeta plus polarization function basis set (DNP) at 2 × 2 ×1 k-point calculation and orbital cut-off of 3.5 Å, with simulation parameters: T = 1,148 K, time step = 1.9 fs (78.5 a.u.), simulation time of 0.38 ps, with the canonical NVT (constant amount (N), volume (V) and temperature (T)) thermodynamic ensemble and Generalized Gaussian Moment (GGM) thermostat. Ab initio simulation data predicted a decrease in C deposition time with 1:1 Ni-Cu/γ-Al 2 O 3 . Empirical data from TGA and SEM analyses confirmed higher CNT yield on 1:1 Ni-Cu/γ-Al 2 O 3 . Ab initio calculations indicated an increase in binding energy magnitude with the formation of a Ni-Cu alloy. This increase in energy is attributed to the calculated decrease in crystal size, and was verified by the decrease in average CNT diameter produced on 1:1 Ni-Cu/γ-Al 2 O 3 . These findings demonstrate the viability of CTDM as a technology for CNT production, as well as its adaptability to simpler catalytic systems for industrial or commercial applications.
Introduction


The production of carbon materials, such as CNTs (Carbon nanotubes), has been done through CCVD (Catalytic chemical vapor deposition) [1, 2] using Ni-based catalysts. However, carbon deposition on Ni reduces available active sites and decreases catalytic activity [4] . As such, various modifications have been done on Ni-based catalysts to improve their catalytic performance and efficiency [5, 6] .
One of the most common CCVD technologies is the CTDM (Catalytic thermal decomposition of methane) [7] on Ni-Cu/γ-Al 2 O 3 catalysts due to the susceptibility of Ni and γ-Al 2 O 3 to carbon deposition and the catalytic-promoting property of Cu [7, 8] .
In addition, ab initio calculations have been conducted on the mechanisms involving the dissociation and reaction of CH 4 on various catalytic surfaces [9] [10] [11] [12] [13] , but so far only few have conducted simultaneous theoretical and experimental investigation on them.
The decomposition of CH 4 on unsupported amorphous Ni and Ni-Cu purely through AIMD (Ab initio molecular dynamics) simulation was investigated in a previous study [13, 14] . In this study, in comparison, similar AIMD investigations were conducted with the following key differences: the layering of γ-Al 2 of 0.38 ps (200 steps). The canonical NVT (constant amount (N), volume (V) and temperature (T)) thermodynamic ensemble [24] with the Generalized Gaussian Moment thermostat [25] were used for temperature control at 1,148 K. The software environment and interface were contained in BIOVIA Materials Studio 2016.
Results and Discussion
Crystal Size and Structure
The calculated lattice parameters (lattice angles: α, β, γ and cell volume) of the catalyst models are shown in Table 1 .
Calculations predicted a 4.8% decrease in primitive (crystal) cell volume from 1:0 Ni-Cu/γ-Al 2 O 3 to 1:1 Ni-Cu/γ-Al 2 O 3 . This is counter-intuitive since Cu has a slightly larger atomic radius (128 pm) than Ni (124 pm). In the absence of Ni, calculations predicted a 3.9% increase in cell volume.
The decrease in cell volume in the presence of both Ni and Cu is indicative of the formation of a Ni-Cu alloy and suggests an increase in inter-atomic interaction.
The data in Table 2 and Ni (2 2 0)).
Ab Initio Molecular Dynamics
Key findings from AIMD simulations are shown in Table 3 . The C-metal initial bonding time was measured from the initial state to the moment the C atom formed a bond with the catalyst surface. The CH 4 annihilation time was measured from the initial alloy by decreasing the C deposition time determined from ab initio calculations and supported by empirical TGA and SEM analysis. An optimum Ni-Cu ratio (between 1:0 and 1:1 Ni-Cu) is implied based on regression analysis on CNT yield, the determination of which can be subject to further studies. Furthermore, the concurrence exhibited between simulation data and empirical data is significant to the production of CNTs from CTDM in the field of AIMD simulations, and will open more specific and directed avenues for future research.
